Introduction
============

In the previous few decades, a large number of joint replacement surgeries have been conducted worldwide, and arthroplasty has become the most important treatment for severe joint diseases, benefitting millions of patients each year ([@b1-ijmm-42-04-2031]--[@b3-ijmm-42-04-2031]). However, aseptic loosening remains an issue with total joint replacement procedures ([@b4-ijmm-42-04-2031]--[@b6-ijmm-42-04-2031]). Inflammation and subsequent periprosthetic osteolysis induced by wear particles, including titanium (Ti), ceramic and polymethylmethacrylate, has been demonstrated to be the leading pathological mechanism contributing to aseptic loosening ([@b7-ijmm-42-04-2031],[@b8-ijmm-42-04-2031]). Various studies on the effects of wear particles on bone remodeling have been conducted at the molecular level; for example, wear particles may activate a number of osteoclast signaling pathways, including calcineurin/nuclear factor of activated T-cells (NFAT), nuclear factor-κB (NF-κB), extracellular signal-regulated kinase-mitogen-activated protein kinase and protein kinase B ([@b1-ijmm-42-04-2031],[@b9-ijmm-42-04-2031]--[@b12-ijmm-42-04-2031]), and may accelerate osteoclast differentiation and bone resorption functions. These signaling pathways should be the focus of future studies into the prevention and treatment of aseptic loosening.

Bone reconstruction is based on achieving a dynamic equilibrium between osteoblast-mediated bone formation and osteoclast-mediated bone resorption ([@b13-ijmm-42-04-2031]). The communication and interaction between osteoblasts and osteoclasts is the key mechanism maintaining homeostasis in bone remodeling ([@b14-ijmm-42-04-2031]). In previous decades, it was widely acknowledged that osteoblasts were the leading factor in this communication, affecting the biological behavior of osteoclasts through the receptor activator of nuclear factor κB (RANK)/RANK ligand (RANKL) signaling pathway ([@b15-ijmm-42-04-2031]). However, accumulating evidence suggests that osteoclasts may similarly affect differentiation, osteogenesis and apoptosis of osteoblasts; consequently, the communication is now thought to be bidirectional ([@b16-ijmm-42-04-2031]).

The erythropoietin-producing human hepatocellular (eph) receptors, the largest family of tyrosine kinase receptors, are located on the cell membrane and are divided into two classes. Ephrin proteins are ligands of eph receptors and are divided into 2 types, A and B ([@b16-ijmm-42-04-2031]). Previous studies investigating eph/ephrin signaling have primarily concentrated on neurology, hematology and gastroenterology ([@b17-ijmm-42-04-2031]); few studies have focused on orthopedics. This role of bidirectional ephrin-B2/EPH receptor 4 (ephB4) signaling was previously investigated in the field of bone formation ([@b18-ijmm-42-04-2031]). Preliminary data suggested that osteoblasts primarily express ephB4, osteoclasts primarily express ephrin-B2 and that the cells communicate through ephrin-B2/ephB4 signaling ([@b19-ijmm-42-04-2031]). When the intracellular Fos proto-oncogene, AP-1 transcription factor subunit (C-FOS)/NFATc1 signal is activated in osteoclasts, the ephrin-B2 gene located downstream of the signal is translated into ephrin-B2 and expressed on the cell membrane. Activation of the ephrin-B2 signal may reverse inhibition of osteoclast differentiation into mature osteoclasts. A number of signaling pathways are involved in the imbalance of bone remodeling induced by wear debris, and ascertaining which of these is the most important is imperative ([@b20-ijmm-42-04-2031]).

Based on previous data, we hypothesized that ephrin-B2/ephB4 signaling may be a vital pathway for the imbalance of bone remodeling surrounding prostheses. The aim of the present study was to determine whether Ti particle-mediated osteolysis may be inhibited by activation of ephrin-B2, which may provide a potential therapeutic target for the treatment of aseptic loosening.

Materials and methods
=====================

Reagents
--------

α-minimum essential medium (α-MEM), fetal bovine serum (FBS) and a penicillin-streptomycin solution were obtained from Gibco; Thermo Fisher Scientific, Inc., (Waltham, MA, USA). Soluble recombinant mouse macrophage-colony stimulating factor (M-CSF), recombinant mouse RANKL, recombinant mouse ephB4-Fc and Fc fragments were obtained from R&D Systems, Inc., (Minneapolis, MN, USA). Tartrate-resistant acid phosphatase (TRAP) was purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). High purity Ti particles (average diameter. 3--5 *µ*M) were obtained from Johnson Matthey (cat. no. 00681; London, UK). Dexamethasone (Sigma-Aldrich; Merck KGaA), ascorbic acid (Sigma-Aldrich; Merck KGaA), and β-glycerol phosphate sodium (Sigma-Aldrich; Merck KGaA). The common antibodies, GAPDH, C-FOS, NFATc1, TRAP and cathepsin-K (CK) were purchased from Cell Signaling Technology, Inc., (Danvers, MA, USA). The ephrin-B2 antibodies were purchased from R&D Systems. ELISA kits for detecting mouse interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α and IL-10 were purchased from R&D Systems, Inc.

Cell culture
------------

A total of 24 healthy female C57BL/6 mice (16--18 g/per) were obtained from the Animal Center Research Committee of the Shanghai Ninth People\'s Hospital (Shanghai, China). All animal procedures were approved by the Animal\'s Hospital affiliated with Shanghai Jiao Tong University. All mice were housed in a temperature range of 20--26°C, relative humidity of 70%, light intensity of ≥200 Lux (12 h light/dark) and free access to water and feeding. MC-3T3-E1 cells were purchased from the Chinese Academy of Science (Shanghai, China). Bone marrow macrophages (BMMs) were collected from the tibias and femurs of 4--6-week-old C57BL/6 mice, then incubated in α-MEM containing 30 ng/ml M-CSF, 10% FBS and 1% penicillin-streptomycin at 37°C for 3 days; the medium was changed on the third day. Non-adherent cells were removed from the medium after 7 days. At \~80% confluence, the cells were dissociated with 0.25% (v/v) trypsin, then plated onto culture plates for subsequent experiments. For co-cultures, BMMs were seeded at a density of 5×10^5^ cells in 12-well plates containing 5×10^4^ MC-3T3-E1 cells in 1 ml α-MEM supplemented with 10% FBS, 10^−8^ M dexamethasone, 50 mg/l ascorbic acid and 10 mM β-glycerol phosphate sodium. To stimulate reverse signaling, soluble recombinant mouse ephB4-Fc and Fc fragments were added to the medium at a concentration of 4 *µ*g/ml.

Preparation of Ti particles
---------------------------

Ti particles were prepared as described previously ([@b1-ijmm-42-04-2031],[@b11-ijmm-42-04-2031]). Briefly, the particles were soaked in anhydrous 75% (v/v) ethanol to remove endotoxins for 48 h, following which endotoxin concentration was \<0.1 EU/ml. A chromogenic end-point TAL with Diazo coupling kit (Xiamen Houshiji, Fujian, China) was used to detect endotoxins. A 20 mg/ml Ti stock solution was prepared with PBS and co-cultured with the osteoclasts at a concentration of 0.1 mg/ml to simulate the concentration of Ti particles surrounding the prostheses in clinical settings ([@b21-ijmm-42-04-2031],[@b22-ijmm-42-04-2031]).

Alkaline phosphatase (ALP) staining
-----------------------------------

To detect the level of osteogenic function, 3T3-E1 cells (1×10^5^ cells/well) were seeded on 24-well plates in triplicate. When the medium was changed the next day, medium containing 10--8 M dexa-methasone, 50 mg/l ascorbic acid and 10 mM β-glycerol phosphate sodium was added to the plate. A total of four cell groups: 3T3-E1; 3T3-E1 ephrinB2-Fc (4 *µ*g/ml); 3T3-E1+Ti (0.1 mg/ml); and 3T3-E1+ephrinB2-Fc (4 *µ*g/ml)+Ti (0.1 mg/ml) groups were formed. The medium was changed every 2 days. Paraformaldehyde (4%; PFA) was added to the plates for 20 min at 37°C on day 7. According to the protocol of the manufacturer, the cells were stained with an ALP kit (Renbao, Shanghai, China), and observed by light microscopy (magnification, ×10). ALP activity was determined at 405 nm using and the P-nitrophenyl phosphate (pNPP) (Sigma-Aldrich; Merck KGaA) served as the substrate. The bicinchoninic acid assay method was used to determined the protein contents. Quantitative and statistical analysis of ALP data was also performed as described below.

TRAP staining
-------------

BMMs (1×10^4^ cells/well) were seeded onto 96-well plates in triplicate. After 24 h, the medium containing the cell suspension was replaced with a medium containing 30 ng/ml M-CSF and 50 ng/ml RANKL. After 7 days of culture, 4% PFA was used to fix osteoclasts for 20 min at 37°C then the cells were rinsed three times with PBS. The TRAP staining kit (Sigma-Aldrich; Merck KGaA) was used to detect osteoclast activity according to the manufacturer\'s protocol. Cells were considered TRAP positive if the number of nuclei was \>3. Mature osteoclasts were counted using a light microscope. The total area of mature osteoclasts was quantified using Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

F-actin ring formation assay
----------------------------

A total of four groups of samples were fixed with 4% PFA for 20 min at 37°C then permeabilized with 0.1% (v/v) Triton-100 (Sigma-Aldrich; Merck KGaA). Cells were stained with rhodamine-conjugated phalloidin (Cytoskeleton, Inc., Denver, CO, USA) at 37°C for 1 h. The cells were then washed with PBS three times, each time for 10 min. An LSM5 confocal microscope (magnification, ×10; Carl Zeiss AG, Oberkochen, Germany) was used to visualize the cytoskeleton (F-actin ring). Images were analyzed using Image-Pro Plus 6.0. Experiments were performed in triplicate.

Bone pits resorption assay
--------------------------

Sterile bone pieces from the four groups were placed into 96-well plates, then washed with PBS three times. BMMs (1×10^4^ cells) were seeded into plates with 30 ng/ml M-CSF and 50 ng/ml RANKL, and the medium was changed every two days. After 12 days, the cells on the bone pieces were digested with 0.25% (v/v) trypsin at 37°C for 5 min, and then washed 3--5 times with PBS. Bone absorption images were obtained with a Quanta 250 scanning electron microscope (SEM; FEI; Thermo Fisher Scientific, Inc.) with a magnification of 10 kV. The resorption area was measured using Image-Pro Plus 6.0. Experiments were performed in triplicate

Immunofluorescence staining of ephrin-B2 localization
-----------------------------------------------------

BMMs were seeded at a density of 1×10^5^ cells into the plates and divided into two groups; a BMMs+ephB4-Fc; and a clustered BMMs+ephB4-Fc groups. When mature osteoclasts formed, they were fixed with 4% PFA for 20 min at 37°C and washed 2--3 times with PBS for 10 min, then permeabilized in 0.1% Triton X-100. The cells were incubated (37°C) with 5% bovine serum albumin (cat. no. A602440; Sangon Biotech Co., Ltd., Shanghai, China) for 60 min, and then a mouse anti-ephrin-b2 monoclonal antibody (cat. no. ab150411; 1:250; Abcam, Cambridge, UK) as added to the plates at 4°C for 12 h. Goat Anti-Rabbit IgG (Alexa Fluor^®^488; cat. no. 111-547-008; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) conjugated with flFluor^®^488 (1:250) at room temperature for 1 h in darkness. An LSM5 confocal microscope (magnification, x40) was used to visualize ephrin-b2 localization.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

BMMs were seeded at a density of 4×10^6^ cells into 6-well plates with Ti particles (30 ng/ml M-CSF, 50 ng/ml RANKL) and treated with or without 4 *µ*g/ml ephB4-Fc. The 3T3-E1 cells (5×10^5^ cells/well) were seeded on 6-well plates. The cell culture conditions were as aforementioned. We set up four groups as described previously. Total RNA was collected using an RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA) at 1, 3 and 5 days and reverse transcribed into cDNA (Takara Bio, Inc., Otsu, Japan). The SYBR Premix Ex Taq kit (Takara Biotechnology Co., Ltd.) and an ABI 7500 Sequencing Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to perform qPCR. The following thermocycling conditions were used: 40 cycles of denaturation at 95°C for 5 sec and amplification at 60°C for 24 sec. GAPDH was used as the reference gene, and all the reactions were run in triplicate. The PCR primers were designed as follows: Ephrin-B2 forward (F), 5′-AAT CTC CTG GGT TCC GAA GT-3′; reverse (R), 5′-GTC TCC TGC GGT ACT TGA GC-3; NFATc1 F, 5′-CAA CGC CCT GAC CAC CGA TAG-3′; NFATc1 R, 5′-GGC TGC CTT CCG TCT CAT AGT-3′; TRAP F, 5′-AAA TCA CTC TTT AAG ACC AG-3′; TRAP R, 5′-TTA TTG AAT AGC AGT GAC AG-3′; CK F, 5′-CCT CTC TTG GTG TCC ATA CA-3′; CK R, 5′-ATC TCT CTG TAC CCT CTG CA-3′; matrix metalloproteinase 9 (MMP9) F, 5′-AGA CGA CAT AGA CGG CAT CC-3′; MMP9 R, 5′-TGG GAC ACA TAG TGG GAG GT-3′; GAPDH F, 5′-CAC CAC CAT GGA GAA GGC CG-3′; GAPDH R, 5′-ATG ATG TTC TGG GCA GCC CC-3′; RANKl F, 5′-CCC ATC GGG TTC CCA TAA AGT-3′; RANKl R, 5′-CGA CCA GTT TTT CGT GCT CC-3′; osteoclastogenesis inhibitory factor (OPG) F, 5′-CGA GCG CAG ATG GAT CCT AA-3′; OPG R, 5′-CCA CAT CCA ACC ATG AGC CT-3′; EphB4 F, 5′-TGA GGT TGC TGC TTT GAA TG-3′; EphB4 R, 5′-AGG CAC TGC AGG AGA AAG AA-3′; Collagen 1 F, 5′-GAG AGG TGA ACA AGG TCC CG-3′; Collagen 1 R, 5′-AAA CCT CTC TCG CCT CTT GC-3′; runt related transcription factor 2 (RUNX2) F, 5′-TCG GAG AGG TAC CAG ATG GG-3′; RUNX2 R, 5′-TGA AAC TCT TGC CTC GTC CG-3′.

Western blot analysis
---------------------

The protein expressions levels of ephrin-b2, NFATc1, TRAP, CK, MPP9 and GAPDH were measured with and without ephB4-Fc treatment. After 5 days, radioimmunoprecipitation assay (RIPA) lysis buffer (cat. no. C500005; Sangon Biotech Co., Ltd.) containing 1 *µ*M protease inhibitor was added to 2×10^7^ BMMs in 6-well plates for 15 min. Samples were centrifuged (4°C) at 12,000 × g for 10 min and the supernatant was collected. Total protein concentration was measured by the bicinchoninic acid assay (BCA). Equal amounts of the protein lysates were separated via SDS-PAGE (10% gel) and gels were transferred to polyvinylidene difluoride membranes, blocked for 1 h with 5% (w/v) milk, and incubated at 37°C with primary antibodies against GAPDH (cat. no. \#8884; 1:1,000; Cell Signaling Technology, Inc.), C-FOS (cat. no. \#2250; 1:1,000; Cell Signaling Technology, Inc.), NFATc1 (cat. no. \#8032; 1:1,000; Cell Signaling Technology, Inc.) and TRAP (cat. no. ab133238; 1:1,000; Abcam) overnight. The Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA) was used to detect horseradish peroxidase-conjugated secondary antibodies (cat. no. \#7074; 1:5,000; Cell Signaling Technology, Inc.) reactivity.

Statistical analysis
--------------------

Data are expressed as means ± standard deviation. Differences among groups were analyzed by one-way analysis of variance and the post hoc tests with the Student-Newman-Keuls post-hoc test with SPSS software (version 11.0; SPSS Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Direct co-culture inhibits osteoclast differentiation
-----------------------------------------------------

BMMs were seeded at a density of 5×10^5^ cells in 12-well plates containing 1×10^5^ 3T3 cells and osteogenic induction media with 30 ng/ml M-CSF and 50 ng/ml RANKL. Cells were divided into four groups: BMMs; BMMs+EphB4-Fc; BMMs+Ti; and BMMs+EphB4-Fc+Ti groups. TRAP staining indicated that the number of TRAP-positive multinucleated cells in the BMMs+EphB4-Fc+Ti group was significantly decreased compared with the BMMs+Ti group. This suggested that direct co-culture inhibited osteoclast differentiation into mature osteoclasts ([Fig. 1](#f1-ijmm-42-04-2031){ref-type="fig"}).

ALP
---

The osteogenic effects of the different groups (3T3-E1, 3T3-E1+ephrinB2-Fc, 3T3-E1+Ti and 3T3-E1+ephrinb2-Fc+Ti) were investigated according to ALP staining. [Fig. 2A](#f2-ijmm-42-04-2031){ref-type="fig"} demonstrates ALP staining images obtained of 3T3-E1 cells following culture with or without ephrinB2-Fc and Ti. Quantification of the ALP staining images identified that ALP protein expression was significantly decreased in the Ti group compared with the control group, but the addition ephrinB2-Fc abrogated the effect of titanium particles on osteoblast differentiation ([Fig. 2B](#f2-ijmm-42-04-2031){ref-type="fig"}).

Detection of changes in osteogenic genes in bidirectional signaling
-------------------------------------------------------------------

To detect osteoblast membrane ephB4, ephrinB2-Fc was added to 3T3 cells. RT-qPCR demonstrated that ephrinB2-Fc increased the expression of ephB4 receptors on 3T3 cells ([Fig. 2C](#f2-ijmm-42-04-2031){ref-type="fig"}). This demonstrated that the bidirectional signaling pathway may be modulated to favor bone formation. When Ti wear particles were added, expression levels of osteogenic genes (ALP and RUNX2) were significantly inhibited compared with those in the control group. However, compared with 3T3 group, 3T3+Ti+EphrinB2-Fc group, RANKL gene expression was significantly increased in the 3T3+Ti group. OPG gene expression was not significantly altered. The addition of ephrinB2-Fc significantly suppressed RANKL gene expression compared with that in the 3T3+Ti group ([Fig. 2D](#f2-ijmm-42-04-2031){ref-type="fig"}).

Effects of ephB4-Fc on osteoclast-associated ephrin-B2 gene expression and ephrin-B2 protein localization to the cell membrane
------------------------------------------------------------------------------------------------------------------------------

RT-qPCR indicated that the ephrin-B2 gene expression level was increased in the Ti particle group compared with in the BMMs group ([Fig. 3A](#f3-ijmm-42-04-2031){ref-type="fig"}). However, 3 days after the addition of ephB4-Fc, ephrin-B2 gene expression was significantly decreased compared with in the Ti particle group. After 5 days, ephrin-B2 gene expression was abnormally increased in the EphB4-Fc+Ti group compared with that in the Ti group. Immunofluorescence staining demonstrated that ephrin-B2 was localized at the surface of the BMM membrane, exhibiting a circular pattern of staining. The clustering of proteins with or without anti-Fc was compared, and it was identified that the staining in the group with ephrin-B2 protein without anti-Fc was weaker compared with that with the anti-Fc group. However, there were also marked ephrin-B2 formations ([Fig. 3B](#f3-ijmm-42-04-2031){ref-type="fig"}). The same result was also demonstrated in the western blot analysis results ([Fig. 3C](#f3-ijmm-42-04-2031){ref-type="fig"}).

Establishment of Ti model with simulated co-culture
---------------------------------------------------

The size of the area and number of osteoclasts demonstrated that different concentrations of ephB4-Fc inhibited osteoclast differentiation. The concentration of 4 *µ*g/ml ephB4-Fc exhibited the most significant inhibitory effect ([Fig. 4](#f4-ijmm-42-04-2031){ref-type="fig"}). As the concentration increased, the inhibitory effect on osteoclasts was similar to that of 4 *µ*g/ml. Therefore, 4 *µ*g/ml was added to the BMMs in the simulated co-culture environment.

Suppression of Ti sample TRAP-positive multinucleated cells with ephB4-Fc and F-actin rings
-------------------------------------------------------------------------------------------

In the BMMs+Ti group, the size of the area and the number of osteoclasts were significantly increased compared with the BMMs group. This suggested that the addition of Ti particles promoted the differentiation of BMMs into osteoclasts and promoted the overexpression of the ephrin-B2 gene ([Fig. 3A](#f3-ijmm-42-04-2031){ref-type="fig"}). However, the addition of ephB4-Fc to the BMMs+Ti group significantly decreased the number and area of osteoclasts ([Fig. 5A](#f5-ijmm-42-04-2031){ref-type="fig"}). EphB4-Fc affected F-actin ring formation and morphology, decreasing the number of F-actin rings, which are essential prerequisites for bone resorption ([Fig. 6](#f6-ijmm-42-04-2031){ref-type="fig"}).

Suppression of bone resorption function by addition of ephB4-Fc
---------------------------------------------------------------

Next, it was verified that the addition of ephB4-Fc inhibited bone dissolution mediated by Ti particles. The number and depth of the lacunae in the area of the entire bone was observed using SEM ([Fig. 7A](#f7-ijmm-42-04-2031){ref-type="fig"}). There were an increased number of lacunae in the TI group compared with the BMMs group, and the depth of bone resorption was also increased. However, when ephB4-Fc was added, it was identified that the level of bone resorption was significantly decreased ([Fig. 7](#f7-ijmm-42-04-2031){ref-type="fig"}).

Effects of ephB4-Fc on osteoclastogenesis-associated proteins and gene expression and suppressive effect of ephB4-Fc on NFATc1 signaling
----------------------------------------------------------------------------------------------------------------------------------------

NFATc1 is considered a key player in the transformation of bone marrow macrophages to mature osteoclasts ([@b1-ijmm-42-04-2031]), and the present study confirmed that the addition of Ti particles significantly increased NFTAc1 expression. The inhibition of differentiation by the NFATc1 signal was not been confirmed in the Ti group following the addition of EphB4-fc in a previous study ([@b23-ijmm-42-04-2031]). However, the results of the present study were as expected. When ephB4-Fc was added to the Ti group, NFATc1 protein and gene expression decreased. The expression levels of osteoclast differentiation- and maturation-associated genes and proteins were significantly decreased by the additions of ephB4 and Ti to BMMs compared with levels subsequent to the addition of titanium particles alone ([Fig. 8](#f8-ijmm-42-04-2031){ref-type="fig"}).

Effects of ephB4-Fc on cytokine production
------------------------------------------

To additionally investigate the effect of bidirectional signaling on the cytokine production in the process of osteoclast differentiation induced by Ti wear particles, ELISA assays were performed. The IL-6, IL-1β, TNF-α and IL-10 expression levels in the Ti group were significantly increased compared with those in the control group. However, when ephB4-Fc was added, the expression levels of these cytokines were significantly decreased ([Fig. 9](#f9-ijmm-42-04-2031){ref-type="fig"}).

Discussion
==========

Aseptic loosening is currently the most common complication of total hip arthroplasty, and previous studies have examined the differentiation of osteoclasts in its pathogenesis ([@b5-ijmm-42-04-2031],[@b24-ijmm-42-04-2031]--[@b26-ijmm-42-04-2031]). At present, inhibitors of osteoclast differentiation have been a starting point for a number of studies ([@b1-ijmm-42-04-2031],[@b11-ijmm-42-04-2031]). Drugs have also been used to inhibit the formation and differentiation of osteoclasts during *in vitro* and *in vivo* experiments ([@b26-ijmm-42-04-2031],[@b27-ijmm-42-04-2031]), and magnesium metal ions also purportedly inhibit osteoclast formation ([@b28-ijmm-42-04-2031]). The exact mechanism of osteolysis surrounding prostheses has not been confirmed. However, the majority of studies on osteoclast formation and differentiation have been specific to osteoclasts themselves and have not investigated direct contact between cells to explain osteolysis surrounding prostheses. Previous studies have indicated that osteoblasts engage in bidirectional communication with osteoclasts ([@b29-ijmm-42-04-2031]), and that this communication is essential. Therefore, osteoclasts and osteoblasts should be explored as a unit in studies examining bone remodeling. The present study investigated the role of wear particle-induced osteolysis in this bidirectional signaling pathway.

Previous studies have indicated that the eph/ephrin signaling pathway regulates bone regeneration by direct contact ([@b19-ijmm-42-04-2031],[@b30-ijmm-42-04-2031]--[@b35-ijmm-42-04-2031]). The most common subfamily of the tyrosine protein kinase receptor is the eph receptor family, and its ligands are proteins of the ephrin family ([@b36-ijmm-42-04-2031],[@b37-ijmm-42-04-2031]). A previous study identified that a co-culture group of 3T3 and BMM cells (in a 1:5 ratio) with Ti particles exhibited decreased formation of osteoclasts compared with that of a BMM group with Ti particles ([@b13-ijmm-42-04-2031]). EphB4-Fc was selected to simulate ephB4 on the surface of pre-osteoblasts. The activation of the ephrin-b2 gene with ephB4-Fc inhibited the differentiation of pre-osteoclasts by inhibiting the NFATc1 signal; however, the ephrin-B2 gene was not highly expressed in the absence of RANKL in BMMs ([@b13-ijmm-42-04-2031]). Addition of Ti particles and RANKL increased the expression of the ephrin-B2 gene mediated by RANKL. It was then concluded that Ti and RANKL synergistically activated the NFATc1 signal, thereby continuing to activate the ephrin-B2 gene. How ephrin-B2 activation inhibits Ti particle-induced osteoclast differentiation had not yet been confirmed. The *in vitro* experiments of the present study demonstrated that Ti particles significantly promoted osteoclast-associated gene expression, including that of NFATc1, TRAP, MMP9 and CK. In addition, ephrin-B2 gene expression was significantly increased in the Ti group. By adding ephB4-Fc to the Ti particle group, it was identified that osteoclast differentiation was inhibited. Staining with phalloidin indicated that ephB4-Fc inhibited the cytoskeleton formation of osteoclasts, and bone resorption was significantly decreased. In addition, the NFATc1 gene in the NF-κB signaling pathway and its downstream genes, MMP9, CK and TRAP, were also inhibited. The ephrin-B2 gene is downstream of NFATc1, and activation of the ephrin-B2 membrane protein may reverse the inhibition of C-FOS and NFATc1 gene expression ([@b38-ijmm-42-04-2031]). Corresponding examination on osteoblasts was also conducted. The addition of Ti particles to the osteoblast and osteoclast system promoted a high expression of the RANKL gene and inhibited the differentiation and maturation of osteoblasts. However, RANKL cytokines are the specific cytokines required for osteoclast differentiation. It was then identified that following the addition of the recombinant protein ephrinB2-Fc, Ti particle-mediated inhibition of osteoblasts was abrogated, and also RANKL-mediated secretion of cytokines by osteoblasts was inhibited. Compared with that in the Ti group, the OPG/RANKL ratio was increased subsequent to the addition of ephrinB2-Fc; therefore, ephrinB2-Fc indirectly inhibited the differentiation of osteoclasts. In addition, Ti particles increased the release of proinflammatory cytokines (IL-6, IL-1β, TNF-α and IL-10), which promoted the differentiation of bone marrow macrophages into osteoclasts and their bone resorption. The production of inflammatory factors was additionally examined by ELISA. Through morphological examination, it was identified that bone marrow macrophages engulfed a large number of wear particles. The supernatants of BMM, BMM+Ti, BMM+ephB4-Fc, and BMM+Ti+ephB4-Fc cell suspensions were examined, and it was demonstrated that the activation of ephrinB2 inhibited the release of inflammatory cytokines mediated by Ti particles, thereby additionally inhibiting the differentiation and maturation of osteoclasts.

In the present study, bidirectional ephrin- B2/ephb4 signaling-based intercellular communication in particle-induced bone remodeling imbalance was investigated. The results indicated that the ephrin-B2 gene was highly expressed in the Ti particle group and that RANKL co-stimulated ephrin-B2 gene expression. Finally, ephB44-Fc inhibited the NFATc1 signal by activating the ephrin-B2 gene. As observed in the Ti particle group, activation of NFATc1 is crucial to the osteoclastogenesis pathway induced by Ti particles, and the ephrin-B2 gene is located downstream of the NFATc1 gene ([Fig. 10](#f10-ijmm-42-04-2031){ref-type="fig"}). By activating this bidirectional signal, the release of inflammatory factors was inhibited, and consequently the differentiation of bone marrow macrophages into osteoclasts was inhibited. Activation of this bidirectional pathway with ephB4-Fc may be a prospective therapy for treating wear particle-induced periprosthetic osteolysis.
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![TRAP staining of 3T3 and BMMs co-cultures. The results indicated that the number of TRAP-positive staining was significantly decreased compared with that of BMMs with Ti particles. BMMs, bone marrow macrophages; TRAP, tartrate-resistant acid phosphatase; Ti, titanium.](IJMM-42-04-2031-g00){#f1-ijmm-42-04-2031}

![Changes in osteoclasts with different treatments. (A) Alkaline phosphatase staining. (B) Quantitative analysis of alkaline phosphatase staining. (C) The expression of ephb4 on osteoblast membranes at different times. (D) The change in osteoclasts-associated genes. ^\*^P\<0.05 and ^\*\*^P\<0.01. Ti, titanium; ephb4, erythropoietin-producing human hepatocellular receptor 4; OPG, osteoclastogenesis inhibitory factor; RANKL, receptor activator of nuclear factor κB ligand; RUNX2, runt related transcription factor associated 2; ALP, alkaline phosphatase.](IJMM-42-04-2031-g01){#f2-ijmm-42-04-2031}

![Localization of EphrinB2 and the effect of EphrinB2 expression without Ti and EphB4-Fc. (A) Detection of ephrin B2 gene expression by reverse transcription quantitative polymerase chain reaction in different treatment groups on days 1, 3 and 5. (B) EphrinB2 expression on the cell membrane surface visualized using immunofluorescence microscopy. (C) The protein expression level of the cell membrane ligand was detected by western blot analysis on day 3. Data are presented as mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01. M-CSF, macrophage-colony stimulating factor; RANKL, receptor activator of nuclear factor κB ligand; ephB4, erythropoietin-producing human hepatocellular receptor 4; Ti, titanium.](IJMM-42-04-2031-g02){#f3-ijmm-42-04-2031}

![Effects of different concentrations of ephB4-Fc on osteoclast differentiation. (A) BMMs cells were treated with different concentrations of ephB4-Fc in the presence of RANKL (50 ng/ml) and M-CSF (30 ng/ml) stimulation. (B) The area of osteoclasts relative to control. (C) The number of tartrate-resistant acid phosphatase-positive BMMs. Data are presented as mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01. ephB4, erythropoietin-producing human hepatocellular receptor 4; BMMs, bone marrow macrophages; RANKL, receptor activator of nuclear factor κB ligand; M-CSF, macrophage-colony stimulating factor.](IJMM-42-04-2031-g03){#f4-ijmm-42-04-2031}

![Effects of different treatments on bone differentiation. (A) The number of tartrate-resistant acid phosphatase-positive cells in BMMs, BMMs+EphB4, BMMs+Ti and BMMs+EphB4+Ti groups, in the presence of macrophage-colony stimulating factor and receptor activator of nuclear factor κB after 7 days of staining. (B) The area of osteoclasts relative to control (C) The number of osteoclasts. Data are presented as mean ± standard deviation. \*P\<0.05 and \*\*P\<0.01. ehpB4, erythropoietin-producing human hepatocellular receptor 4; Ti, titanium; BMMs, bone marrow macrophages.](IJMM-42-04-2031-g04){#f5-ijmm-42-04-2031}

![Effect on the F-actin ring by different treatments. (A) Osteoclasts were stained with phalloidin during the induction of differentiation by Ti particles and Ephb4-Fc after day 7. (B) The number of F-actin rings in the 5 randomized fields. ^\*^P\<0.05 and ^\*\*^P\<0.01. Ti, titanium; BMMs, bone marrow macrophages; ephB4, erythropoietin-producing human hepatocellular receptor 4.](IJMM-42-04-2031-g05){#f6-ijmm-42-04-2031}

![Bone absorption experiment under different treatments. (A) A total of four groups of bone pieces were placed on a 96-well plate with 4 bone pieces per group. BMMs were seeded on the surface bone pieces at a density of 1×10^5^ cells/well without EphB4-Fc or Ti in the presence of M-CSF and RANKL for 12 days. (B) Histogram of the total area of bone resorption was based on the size of the above pits. ^\*^P\<0.05 and ^\*\*^P\<0.01. M-CSF, macrophage-colony stimulating factor; RANKL, receptor activator of nuclear factor κB ligand; ephB4, erythropoietin-producing human hepatocellular receptor 4; Ti, titanium.](IJMM-42-04-2031-g06){#f7-ijmm-42-04-2031}

![(A and B) EphB4-Fc inhibited the NFATc1 signaling pathway caused by Ti and inhibited osteoclast-associated genes and protein expression. The mRNA expression of NFATc1, TRAP, MMP9 and CK was detected by reverse transcription quantitative polymerase chain reaction on days 3 and 5, and the protein expression of NFATc1, C-FOS, CK and TRAP was detected by western blot analysis on day 3. Data are presented as mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01. C-FOS, Fos proto-oncogene, AP-1 transcription factor subunit; NFATc1, nuclear factor of activated T-cells 1; CK, cathepsin-K; TRAP, tartrate-resistant acid phosphatase; M-CSF; RANKL, receptor activator of nuclear factor κB; ephB4, erythropoietin-producing human hepatocellular receptor 4; BMMs, bone marrow macrophages; Ti, titanium.](IJMM-42-04-2031-g07){#f8-ijmm-42-04-2031}

![Levels of cytokines produced following different treatments. A total of four groups were formed. BMMs, BMMs+ephB4-Fc, BMMs+ephB4-Fc+Ti. ELISA conducted to evaluated to (A) IL-1β, (B) IL-6, (C) TNF-α and (D) IL-10. Data are presented as mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01. IL, interleukin; BMMs, bone marrow macrophages; ephB4, erythropoietin-producing human hepatocellular receptor 4; Ti, titanium; TNF-α, tumor necrosis factor α.](IJMM-42-04-2031-g08){#f9-ijmm-42-04-2031}

![Schematic diagram demonstrating that ephB4-Fc suppresses osteoclast formation and bone resorption induced by Ti particles. Ti particles activated the NFκB pathway in the presence of RANKL. A total of 3 days later, ephrinB2 expression increased significantly. By adding ephB4-Fc, ephrinB2 was activated, which inhibited the C-FOS/NFATc1 signaling pathway and inhibited the gene expression of cathepsin-K, tartrate-resistant acid phosphatase and matrix metalloproteinase 9, by RANKL and Ti particles. Finally, ephB4-Fc inhibits osteoclasts differentiation and bone resorption by Ti particles. Ti, titanium; ephB4, erythropoietin-producing hepatocellular receptor 4; OC, osteoclast; NF-κB, nuclear factor κB; RANK, receptor activator of NF-κB; RANKL, RANK ligand; TRAP, tartrate-resistant acid phosphatase; C-FOS, Fos proto-oncogene, AP-1 transcription factor subunit; NFATc1, nuclear factor of activated T-cells 1.](IJMM-42-04-2031-g09){#f10-ijmm-42-04-2031}
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